A computationally efficient V-BLAST detection scheme on Rayleigh flat-fading channels is proposed. The proposed scheme provides a near-ML performance with significantly reduced complexity as compared to other well-known detection techniques. Moreover, the reduced complexity is independent of signal-to-noise ratio, which is a big practical advantage.
Introduction: In wireless communications, the Vertical Bell Labs Layered Space-Time (V-BLAST) system has been considered as an efficient architecture to achieve very high data rates in rich scattering environments [1] . The great potential of the V-BLAST system can be achieved with maximum likelihood detection (MLD) in the receiver. However, the complexity of MLD exponentially grows with increasing dimension of the transmitted signal, which is proportional to the number of transmit antennas (m) and modulation order (q). The complexity issue in MLD can in part be solved with sphere detection (SD) [2] and its reduced complexity version, an improved SchnorrEuchner (ISE) algorithm [3] , without compromising the ML performance. However, with the exception of some special cases, their complexity still grows exponentially with increasing dimension of the transmitted signal [4] . Moreover, the complexity of SD has big variations at different SNR values, which results in practical issues in hardware implementation.
In this Letter, we address high and unpredictable complexity by proposing a new detection scheme, which we will refer to as an iterative QRD-M (IQRD-M). It consists of three functional blocks: (i) QR decomposition (QRD), (ii) exhaustive search, and (iii) tree search with novel termination methods.
System model:
We consider a V-BLAST system with m transmit and n receive antennas, where usually n ! m. T denotes the zero-mean complex additive white Gaussian noise of variance s w 2 , the n Â m channel matrix H contains uncorrelated complex Gaussian fading coefficients with zero mean and unit variance, and the average transmit power of each antenna is normalised to unity. Perfect channel state information (CSI) allows us to use the QRD of H, H ¼ QR, where Q is an n Â m unitary matrix and R is an m Â m upper triangular matrix. If we multiply both sides of (1) by Q H , we have
where the statistical properties of n and w are equal. The ML rule of (2) is equivalently to find the decision on s which minimises the following metric:
where ŝ ¼ [ŝ 1 , ŝ 2 , . . . , ŝ m ], r ij is the (i, j)th component of R, and j Á j denotes the absolute value.
Proposed algorithm: To account for the case when the decision is made on symbols from s m to s k , 1 k m, we generalise the metric in (3) as
Because of the property of R, the decision on s m in s does not depend on s j for 1 j m À 1. In the exhaustive search, the metric in (4) is evaluated for y m and all q constellation points, s . Thus, the exhaustive search is nothing but MLD for s m . The smaller index in the superscript of s m (') indicates the smaller metric, and equivalently the closer constellation point to y m .
In the tree search, we start searching for other symbols s 1 $ s mÀ1 assuming s m as s (1) m . In this tree search, we use the existing QRD-M algorithm that is well described in Section III of [5] , although other search algorithms could be used as well. The result of the search is expressed as a vector, s where the superscripts in s (1) and m (1) indicate that s m is assumed to be s m sets '* to 1. We perform the tree search assuming s (') , which significantly reduces the complexity in the tree search.
The complexity of the tree search can be further reduced by comparing the partial metric with the smallest metric m , go to Finish. 3. Perform IQRD-M in which evaluate partial metric, m
, go to Tree Search-1.
m ], evaluate the metric m (') in (4). 5. '* ', and go to Tree Search-1.
[Finish:] Take s ('*) as the detection result and stop.
Results: We consider the V-BLAST system with m ¼ 4 transmit and n ¼ 4 receive antennas employing the uncoded 64-QAM modulation on Rayleigh fading channels. The CSI is assumed to be perfectly available at the receiver. We compare the bit error rate (BER) performance of four detection schemes: QRD-M, SD, ISE, and IQRD-M. In the comparisons, the average bit energy to noise power ratio (E b =N 0 ) is defined as the SNR at the receiver normalised by the number of bits per symbol, i.e. E b =N 0 ¼ m=(log 2 (q)s w 2 ). It is well known that the QRD-M scheme can achieve a near-ML performance when the value of parameter M is greater than or equal to modulation order q [6] . On the other hand, IQRD-M with a smaller value of M shows a very close performance to that of SD. Therefore, we can significantly reduce the complexity by employing IQRD-M over SD. We note that this favourable tradeoff between performance and complexity stems from the well-designed iterative structure with the proposed termination methods. In Fig. 1 , we compare the BER performance of the four detection schemes. To evaluate the computational advantage of IQRD-M quantitatively, we compare the complexity of the four detection schemes in terms of real operations (multiplication, addition and division). One complex multiplication is equivalent to three real multiplications and five real additions, and thus the total number of real operation is eight. Fig. 2 shows the averaged complexity of SD, QRD-M, ISE and IQRD-M, where the complexity of QRD-M is evaluated with two different M values: 4 and 64. In the comparisons, the complexity of IQRD-M is distinctly smaller than that of the other detection schemes. More importantly, the complexity of IQRD-M seems to be independent of E b =N 0 . We also evaluate the standard deviation of the complexity (s). SD and ISE have large variations in their complexities, which in some cases may result in detection failures due to excessive processing time in the receiver. Conclusions: We propose an efficient V-BLAST detection scheme on Rayleigh fading channels. The proposed IQRD-M detection scheme shows a near ML-performance at a much smaller complexity than other detection schemes. In addition, we show that the complexity of IQRD-M is independent of E b =N 0 , which is not the case with SD and ISE. 
